The present work performs full bandstructure calculations to investigate the structural effect and the transition mechanisms of the second harmonic generation (SHG) susceptibility of the α−LiIO 3 crystal. The anomalous inconsistency of associated experimental data of the SHG susceptibility tensor is elucidated to be dominated by the structural effect especially on the topology of Oatoms. On the manipulation of the structural effect, the modification of SHG susceptibility using an external pressure is simulated. The calculations of SHG susceptibility tensor are completed at finite frequencies and the static limit. The comparison with the experiments is also incorporated.
I. INTRODUCTION
not only guides the modification of frequency doubling in the laser engineering, but also inspires the innovation of technologies of the associated second order phenomena.
The alpha-phase lithium iodate (α − LiIO 3 ) crystal is a famous SHG material for the merits: frequency doubling of the widely used radiation of Yd:YAG, a high nonlinear coefficient, a weak temperature dependence of refractive index, a high damage threshold, etc.
[3] Therefore this crystal was commercialized via the long-term studying in experiments. [3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19] Moreover, very recently it has been generalized to the nano-structural systems for the application of nonlinear optical waveguide. [20, 21] However, the published experimental data of the SHG susceptibility tensor of this crystal exhibits an anomalous inconsistency, such as the variation form −12 to 10 pV/m about the d 31 component at static limit. [22] This is in contrast to the consistency in measurements of the linear dielectric constant. [22] So far this anomaly is still an open question. To addressing on this feature, the current investigation performs full bandstructure calculations basing on the implement of First-principles simulations. In fact, according to the best knowledge, the present work is the first quantum-level simulation of the SHG susceptibility for this crystal.
The present study reveals the structural effect as one of the dominating factors to the aforementioned inconsistency of experimental data for this system. Since the macroscopic polarization constituted by the dipoles of unit cells defines the SHG susceptibility, the study of this effect is motivated by the variation of dipoles for the considerable disagreement be-tween the reported structural refinements [23, 24] and the existing metamorphosis of this polar crystal [24, 25] . In fact, the present results highlight this structure effect especially on the influence of the topology of O-atoms to the α − LiIO 3 crystal. This argument is analogous to the recently reported ideology that modifies the nonlinear optic susceptibility of polar-ordered systems via the field-manipulating structural twist. [26] In order to attempt further to take advantage of the structural effect, the current study simulates the modification of the SHG susceptibility of the α − LiIO 3 crystal via loading an external pressure.
On the other hand, the organic polymer-based systems, the mainstream of nonlinear optic materials in the next generation, [1] are not only usually in the form of the assembly of curled fibers, but also with the high-flexibility property fitting in the pressure manipulation.
Thus, the results of structural effect emphasized in present article is very heuristic to the engineering about the SHG susceptibility of those organic materials.
The resolution on the mechanisms of SHG susceptibility of the α − LiIO 3 crystal is also dedicated in this work. According to the previous analysis of bandstructure of the α−LiIO 3 crystal by the ' k · p' expansion [27] , the importance of the portion pertaining to the intraband transition has predicted, so the adequate theory should distinctively incorporate the contribution of this mechanism. Hence, the length-gauge formalism developed by Sipe et al. [28, 29, 30, 31, 32 ] is adopted for the full bandstructure calculation, which is established within the framework of the time-dependent perturbation for the interaction of the independent particle with the field of long-wavelength. Starting from the remedy of the zero-frequency divergence in the previous works [33, 34] , Sipe and Ghahramani included the sum rule of the periodic parts of the Bloch functions [35] to vanish the coefficient of the divergent term with respect to the crystals with filled bands. [28] Due to the incorporation of the sum-rule, the effect of intra-band motion was explicitly included and extracted to be defined as independent terms from the portion of the inter-band transition. At the same quantum level to calculate the SHG susceptibility of crystals, other methods include: the application of "2n+1" theorem of the action functional of time-dependent DFT [36] , the bond-charge model [37] , and the application of the Berry phase in macroscopic polarization [38] . They are able to yield accurate results to consist with the experimental measurements; however, the physical insights about the transition mechanism provided from those ways are very limited.
The components of the inter-band transition, the intra-band transition, and the mod-ulation of the inter-band part by the intra-band transition are respectively calculated in wide frequency spectra. Owing to most of all published data at the static limit, the present study especially addresses on the simulations at this point, in which the adopted formalism [32, 39] is specified to analytically satisfy the Kleinman symmetry [40, 41] . At finite frequencies, the Kleinman symmetry breakdowns that is not suited for SHG of cw laser radiation. [3] Thus, the associated experimental works were seldom performed before. However, the linear electro-optic effect and the optical rectification are always operated in the finite frequency regime, especially at high frequencies. Then the present results at finite frequencies are good reference to the researches of the associated second order phenomena.
Since the strongly dynamic charge-redistribution stimulated in the high-power lasers had been emphasized [42] , thus once the validity of the perturbation scheme was suspected due to the considerable disagreement with the experimental measurements for semiconductors, i.e. GaAs [30] . Later the argument was postulated to resolve the doubt that the strong screening effect of the semiconductors deteriorates the fault of ignoring the non-local effect in the local-density approximation (LDA) of the density functional theory (DFT) to influence the performance of full bandstructure calculation. [43, 44, 45] Thus, the modification of the scissor operator was proposed in order to improve the accuracy of the calculation. [30, 39, 46] However, such a non-local problem in semiconductors is determined to disappear in the present system, according to the resulting band-gap values consisting with the experimental data. In fact, the present results manifests the perturbation method still to be credible for simulating the SHG susceptibility of the α − LiIO 3 crystal; however, except the above non-local issue, to consider the consistency with the experiments needs to further incorporate other subtle factors, i.e. the structural effect proposed in the present investigation. Thus, the conclusions of this article are very worthy to refer as applying the same scheme to other wide-gap oxides-series nonlinear inorganic crystals.
II.
COMPUTATION AND FORMALISM
A. FIRST-PRINCIPLES CALCULATIONS
The calculations are performed within the scheme of the density functional theory (DFT) with the generalized gradient approximation (GGA), in which the exchange-correlation po-tential functional is parameterized by Perdew et al. [47] . Both ways of all-electron calculation, the projector augmented wave (PAW) method [48, 49] and the modified full-potential linearzed augmented plane wave (FLAPW) method [50] are respectively applied by the implements of VASP [51, 52] and WIEN2k packages [53, 54, 55, 56] . To simulate the equilibrium of Hellmann-Feynman forces, the PAW method is applied to determine the energetically optimal structure parameters, in which the atomic relaxation is achieved by the conjugate-gradient scheme. The FLAPW method is used for the full bandstructure calculation, due to its derivative quantity, electric field gradient (EFG), to be useful on the analysis of structure refinements. Therein the core and the valence states are respectively calculated relativistically and semi-relativistically. The valence states include the 2s-states for the Liatom; the 2s-and the 2p-states for the O-atom, and the 4d-, the 5s-, and the 5p-states for the I-atom. The muffin-tin radii are set to be 1. 
B. FORMALISM
The presently adopted formalism at finite frequencies is composed of three components:
the inter-band transitions χ abc 2inter (−2ω; ω, ω), the intra-band transitions χ abc 2intra (−2ω; ω, ω), and the modulation of inter-band terms by intra-band terms χ abc 2mod (−2ω; ω, ω), as follows [31] 
It is worthy to note that the formula of equation (4) 
where a finite r [39] , also occurs with the present study in computing the r a mn when the bands n and m are nearly degenerate. Referring to the previous treatment [39] , here also set r a nm = 0 whenhω nm ≤ ǫ with the small cutoff ǫ of 5 × 10 −4 Ryd to remove the influence of this problem.
At the static limit, the formulism [32, 39] analytically fulfilling the Kleinman symmetry is adopted, respectively expressing the inter-band and the intra-band transition as follows 
where (r 
The special-point sampling method of Monkhorst and Pack [57] is applied for the integration of all above formula in Brillouin-zone. To consider the remarkable fluctuation within the k-space to the inter-band energy ω mn and the momentum matrix p nm , to achieve the convergence of the integration is only by means of a fine k-mesh. Hence, the samplings of 12 × 12 × 11 and the 23 × 23 × 21 meshes were tested for the convergence in advance. Both give a difference of about 10 percent, comparable to the error range in the experiments, for the calculations of the equation (6) and even better consistency of the calculations at finite frequencies. Thus, the former is used in the present calculations to give creditable estimations.
III. ANALYSIS FOR STRUCTURE REFINEMENTS
The unit-cell parameters of two experimental results and the energetically optimal structure, determined by the equilibrium of Hellmann-Feynman forces, are respectively tabulated in the TABLE I. In order to simulate the pressure effect to the SHG susceptibility of the α − LiIO 3 crystal, the distorted structure with a z-dimension reduced by 1 millionth of the original length with respect to the above optimal structure is calculated; this equivalently simulates to load an average pressure of ∼ 3770 Gpa normal to xy-plane to the original system according to the calculation. After the shrinking, its status at the static equilibrium is simulated by the atomic relaxation, whose parameters are also exhibited in the [58, 59, 60] and the transmission spectrum [5] ; however, the latter is comparatively closed to the recently experimental result (≈ 3eV) [61] . Because of the resulting values of E g consisting with the experimental results, the effect of non-local defect of DFT-LDA can be ignored in the present calculations.
The resulting V zz is given by the term l = 2, and m = 0 in the full-potential expansion [53, 54] According to the similarities of the resulting E g and V zz for all simulated structures and the agreement with the experiments, these structures should be equally possible to be operated in the lab. Thus, the inconsistency of results defined by them can be considered as the nature in the experiments.
IV. SECOND HARMONIC GENERATION RESULTS

A. Static Limit
The resulting independent nonzero components: d 31 process in the inter-band transition is defined by the Eq. (7), in which the transitions com-pletes via two valence (conduction) states. On the other hand, due to the lack of consistent experimental data to refer for the α − LiIO 3 crystal, the test on a well-known system for the adopted full bandstructure calculation of the SHG susceptibility becomes necessary, which can be viewed as a kind of 'alignment'. Thus, the well-studied GaAs system was selected.
Basing on the same FLAPW method to compute the bandstructure and the scissors operation suggested by Nastos et al [46] to deal with the non-local defect of DFT-LDA, the resulting value 185 pm/V is rather closed to the experimental result 168 pm/V and the previously simulated results collected in the reference [39] . In general, the resulting magnitude of the SHG susceptibility of the α − LiIO 3 crystal is at the same order of the experimental data.
The importance of the structural effect to the SHG susceptibility of the α −LiIO This inverse O-topology feature causes a negative dipole of the IO − 3 anion to compose a negative macroscopic polarization of the system. Such a polarization is completely equivalent to that caused by the presently obtained negative susceptibility in the same system. Thus, the present investigation illuminates the structural effect, especially on the topology of the O-atoms, dominating the magnitude and the sign of the SHG susceptibility tabulated in the TABLE II and III. This conclusion can explain why the inconsistency of the data appears to the different specimens in spite of repeating measurements via the same operation conditions in the lab. [8, 10, 14] On the respect of manipulating the structural effect via an external pressure, the magnitude of the modification is about 10 percent to the d 31 according to the present simulation.
Although this scheme seems neither efficient on the low enhancement nor economic on the requested pressure being as high as 3770 Gpa; however, it is still an effective way to modified the SHG susceptibility of the α − LiIO 3 crystal.
On the resolution of the transition mechanisms, the contribution of the inter-band transition distinctively prevails that of the intra-band transition to both components. Moreover, the analysis on the compositions of the inter-band transition reveals the weights of the visual- the measured values. Thus, the present study manifests the full bandstructure calculation is valid to yield the results consisting with the experimental data at the infinitesimal frequency for the α − LiIO 3 crystal. In spite this point infinitively neighboring to the static limit, the contributions associated with the effect of intra-band motion suddenly raise up in contrast to the status at the static limit, reflecting on the differences between the tabulated results of d 31 in TABLE II, and IV. The cancellation because of the resulting signs of the intra-band and inter-band portions being appositive makes the magnitude of total result at this point much less than that at the static limit. The same trends are also happen to the component
On the other hand, the aforementioned structural effect is still very remarkable that changes the importance of individual transition mechanism in different structures. To the analogous results in the calculations of GaAs, the result 115.8 pm/V is also near to the corresponding experimental value, 99.8 pm/V (the value of linear electro-optic coefficient), according to the relationship [30] χ xyz (−ω; ω, 0) = χ xyz (−2ω; ω, ω) for ω to be infinitesimal.
The resulting different contributions to the imaginary part of the component in FIG. 3 , elucidates the intra-band contribution to be as import as the inter-band one in the dispersion at finite frequencies. The structural effect is still very distinguished according to the resulting dispersions of different structures. In addition, the modification of the pressure effect is appreciable within the low frequency regime but becomes considerable at some high frequency channels to the individual transition mechanism.
Besides, the previously predicted double-resonance feature as ω near to the E g according to the analysis of the bandstructure, [27] crystal. Thus, it is proposed as one of the major factors causing the anomalous inconsistency of the experimental data collected from published references. On the manipulation of the structural effect by an external pressure, the present simulation manifests this scheme to be effective. The present work resolves the mechanisms of SHG susceptibility of the α − LiIO 3 crystal, and makes the conclusions: the inter-band transition is determined to dominate the whole SHG susceptibility at the static limit; the effect of the intra-band motion suddenly raise up to be as important as the inter-band transition at finite frequencies. The results on the this respect provide very useful information for the further modification of frequency doubling and associated second order phenomena technologies to the α − LiIO 3 crystal. (6); the 'Inter' ('Intra') labels the result of inter-band (intra-band) transition from the equation (7) (equation (8)), and the 'V.H.'('V.E.') labels the result of the visual-hole (visual-electron) process in the inter-band transition from the equation (7). The λ labels the operated wavelength of the cited experimental works. The contributions of the inter-band contribution, the intra-band contribution, and the modulation of the inter-band portion by the intra-band transition, are depicted as the blue, the red, and the green lines, respectively; the total is represented by the black line. 
